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ABSTRACT: Interlaboratory comparisons have been widely used in applied radiocarbon science.
These are an important part of ongoing quality assurance (QA) programmes, which are vital to the
appropriate interpretation of the evidence provided by the 14C record in Quaternary applications
(including climate change and environmental reconstruction). International comparisons of
laboratory performance are an essential component of the quality assurance process in radiocarbon
dating. If the user community is to have conﬁdence in radiocarbon results, it needs to be assured
that laboratories world wide are producing measurements that are reliable and in accordance
with ‘good practice’. The ﬁndings from the most recent (completed in 2001) and extensive (more
than 90 participating laboratories) radiocarbon intercomparison (FIRI) are reported here. This study
was designed (i) to assess comparability, or otherwise, of the results from different laboratories
and (ii) to quantify the extent and possible causes of any interlaboratory variation. The results
demonstrate that there are no signiﬁcant differences amongst the main measurement techniques (gas
proportional counting, liquid scintillation counting and accelerator mass spectrometry (AMS)) but
there is evidence of small laboratory offsets relative to known age samples for some laboratories.
There is also evidence in some cases of underestimation of measurement precision. Approximately
10% of all results were classiﬁed as extreme (outliers) and these results were generated by 14% of
the laboratories. Overall, the evidence supports the fact that radiocarbon laboratories are generally
accurate and precise but that, notwithstanding internal QA procedures, some problems still occur,
which can best be detected by participation in independent intercomparisons such as FIRI, where
the results allow individual laboratories to assess their performance and to take remedial measures
where necessary.The resultsfrom FIRI are signiﬁcantin that they show a broad measure of agreement
between measurements made in different laboratories on a wide range of materials and they also
demonstrate no statistically signiﬁcant difference between measurements made by radiometric or
AMS techniques. Copyright  2002 John Wiley & Sons, Ltd.
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Background
Radiocarbon dating is used universally as an essential dating
tool in Quaternary science. However, there is a wide diversity
of experimental approaches amongst radiocarbon dating
facilities and in this situation, the issue of comparability of
results amongst laboratories becomes paramount.
Users have perceived a need for assurance of the compa-
rability of radiocarbon measurements, and of the quality of
those measurements, and so the work reported here describes
ongoing international efforts via a laboratory intercomparison
to assess these factors. This work builds on the previous labora-
tory intercomparisons that have taken place over the past 20 yr
(ISG, 1982; Scott et al., 1991; Rozanski et al., 1992; Gulliksen
and Scott,1995). Such intercomparisonsare of directbeneﬁt to
the participating laboratories as an independent check on lab-
oratory performance and they provide indirect but important
beneﬁts to the user communities.
The Intercomparison
General objectives
The overall aim of assessing comparability amongst labora-
tories can best be achieved through an analytical intercom-
parison and the speciﬁc objectives of the Fourth International
Radiocarbon Intercomparison (FIRI) are detailed below.
1 Unambiguous demonstration of the extent of comparability
or otherwise between the results obtained, on a routine
basis, from different laboratories. This information is cru-
cial for both laboratories and procurers (researchers and
funding agencies).
2 Quantiﬁcation of the extent of, and identiﬁcation of the
possible causes of, any interlaboratory variation.
3 Direct assessment of the comparability of radiometric (liq-
uid scintillation counting (LSC), gas proportional counting
(GPC)) and accelerator mass spectrometry (AMS) measure-
ments.
Sample selection, preparation and testing
The identiﬁcation, collection and preparation of suitable sam-
ples, together with homogeneity testing of the materials, are
vital components of a successful radiocarbon intercomparison
exercise. Natural materials were sought that were representa-
tive of routinely dated materials, the ages of which spanned
the full range of the applied 14C time-scale and which were
available in sufﬁcient quantities. Potential materials that were
identiﬁed included wood, peat, bone, marine carbonate and
grain, together with speciﬁc fractions of samples such as the
cellulose fraction of wood and the humic acid fraction of
peat. The use of natural materials ensures that participating
laboratories would use routine procedures.
Sample homogeneity is also an important criterion, which
can be satisﬁed through sample preparation. The degree of
sample preparation necessary varied from a thorough physical
mixing (e.g. marine carbonate–turbidite sediment), through
grinding and mixing (whole peat), to complete chemical
homogenisation (humic acid extraction from peat or cellulose
extraction from whole wood).
All bulk materials were prepared in a single batch and
checked for homogeneity by replicate analyses on eight
randomly selected aliquots. Other than for the dendrochrono-
logically dated wood samples, the bulk samples were tested at
different subsample sizes (reﬂecting one of the key differences
between AMS and radiometric measurement). In all cases,
two laboratories checked the sample homogeneity. The results
of the homogeneity testing indicated that when laboratories
complied with speciﬁc instructions concerning sample han-
dling and pretreatment, all of the samples could be considered
to be homogeneous at the sample sizes tested and thus suitable
for use in the intercomparison. It should be noted, however,
that for the turbidite sample, a difference between the two
testing laboratories was found and later demonstrated to result
from the acid-leaching procedures used by one laboratory.
The intercomparison
Asetofsevencorematerials,threeofwhichwouldbeprovided
as duplicates (i.e. a total of ten samples) to be analysed within
a 1-yr period, formed the basis of the intercomparison. These
samples are described in Table 1 and were selected based on
their properties of known age, homogeneity and the overall
age range. They included four dendrochronologically dated
samples from the Belfast and German master chronologies,
which would allow an assessment of laboratory accuracy.
Three sets of duplicate samples were provided on a blind
trial basis (Kauri wood, Belfast dendro-dated wood and
Barley mash) to allow an assessment of laboratory precision.
Additional samples that were not available in sufﬁcient
quantity for the main intercomparison, or which were not
routinely dated material (textiles, mammoth tusk, etc.) were
offered as optional samples.
Results from the intercomparison
Thesetofcoresampleswasdistributedtoover120laboratories
during 1999 and by the deadline of December 2000, 92 sets of
results had been received. The broad geographical distribution
of participating laboratories is shown in Table 2 and the
distribution of laboratory types in Table 3. It should be noted
that some laboratories (operating more than one independent
measurement system) submitted more than one set of results
and that some AMS laboratories provided measurements for
more than one feeder laboratory.
Table 1 Core sample descriptions
Core sample description FIRI code Age/activity
Kauri wood A, B Near background
Marine turbidite C ca. 3 half-lives
Belfast dendro-dated wood D, F ca. 1 half-life
Humic acid E ca. 2 half-lives
Barley mash G, J Modern
Hohenheim wood H <1 half-life
Belfast cellulose I ca. 1 half-life
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Table 2 Geographical distribution of participating laboratories
Broad geographical description Number of laboratories
Europe (EU) 35
Europe (non-EU) 15
North and South America and Canada 15
Asia and the Far East 15
Australia and New Zealand 4
Table 3 Laboratory type
Laboratory type Number of laboratories
Liquid scintillation counting (LSC) 44
Gas proportional counting (GPC) 19
Accelerator mass spectrometry (AMS) 17
Target feeder for AMSa 8
Direct absorption and LSCb 2
a Laboratories that prepare samples and send them to AMS laboratories
for measurement. b Laboratories that absorb sample carbon in the form
of CO2 into a tertiary amine or similar compound and measure the
activity by LSC (generally a low precision method).
Laboratory performance
A total of 122 measurements out of 1056 (i.e. slightly over
10%) were identiﬁedas anomalous (i.e.outliers).By deﬁnition,
an outlier is a measurement that markedly deviates from the
other measurements for that sample. From the formal statistical
deﬁnition, around 5% of the results would have been expected
to have been classed as outliers. Thus approximately twice as
many outliers were identiﬁed as would be expected were they
occurring purely by chance. Of the 122 outliers, 87% came
from LSC laboratories. The distribution of outliers was uniform
over the 10 samples, thus, no single sample contributed
anomolously tothe number of outliers.Thirty-ninelaboratories
(42%) had at least one result classed as an outlier. Of the 39,
almost 60% (23) of these had more than one of their results
thus classed and over a ﬁfth (9) had ﬁve or more such results.
A relatively small number of laboratories (14%) generated
more than 60% of the outlying observations. The majority of
these laboratories use liquid scintillationtechniques (including
direct absorption, which generally is considered to be a low
precision technique). However, it should be noted that there
remain a substantial number of liquid scintillation laboratories
with none or only one outlier.
Subsequent analysis indicated that the presence of outliers
was associated with the modern standard used. The primary
modern standards are National Institute for Standards and
Technology (NIST) OxI and OxII but some laboratories have
no access to these materials and instead make use of national
standards such as benzene or Australian National University
(ANU) sucrose. It is also the case that more recently created
radiometric laboratories make use of liquid scintillation.
Sources of variation
There is no evidence of a difference, on average, amongst
laboratory types and it can be concluded that, in general,
the three measurement techniques are comparable. However,
where a lack of comparability is observed, it is in the number
of outliers, with more LSC laboratories submitting extreme
values (see section above for some possible explanations).
There was also some indication of an association between
the presence of an outlier and the modern reference standard
used by these laboratories. After omission of outliers, there
was no evidence of a difference, on average, for any sample
owing to modern standard or background materials used,
with the exception for the near background sample (Kauri
wood). For the turbidite sample, a signiﬁcant age difference
was observed between the acid-leached and non-pretreated
samples. For the turbidite sample (as seen in the homogeneity
testing), acid leaching to remove the outer surface layers
produced an apparent age difference of approximately 400 yr
between leached and unleached samples. The preparation of
the sample had involved a physical mixing and grinding to
a uniform size but no chemical homogenisation procedures
had been applied. This type of inhomogeneity resulting from
surface exchange mechanisms is known to occur in carbonate
samples and for users, highlights the importance of sample
selection and pretreatment.
Measures of precision and accuracy
The design of FIRI included three pairs of duplicate samples,
A and B (Kauri wood, near background activity), D and F
(Belfast wood, around 50 pMC (per cent modern carbon))
and G and J (barley mash, at approximately 111 pMC) to
allow the assessment of laboratory precision relative to the
errors quoted.
The summary statistics for the differences of the duplicates
are shown in Table 4 (note that DF results are given in
years BP).
Overall, we can conclude that the average difference
between duplicates is zero, but that there is evidence of
substantial scatter in the results, as measured by the standard
deviation (1 sigma). Taking account of the laboratory quoted
errors, in some cases, there is evidence of excess variability
between duplicates, exceeding that expected on the basis
of the quoted errors, whereas for others, the differences
between duplicates is smaller than expected given the quoted
errors. In conclusion, this analysis demonstrated that the
distribution of the differences between each of the duplicate
pairs does not always correspond to the claimed uncertainties
in the measurements. The results suggest that the observed
differences are adequately described by the quoted errors of
approximately 50% of the laboratories.















AB 54 0.029pMCa 0.214 −0.66 0.53
GJ 71 −0.094pMC 1.085 −4.37 2.76
DF 79 17.4 BP2 97.3 −239 310
a Per cent modern carbon. b Radiocarbon years before present, where present is 1950
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Consensus values for FIRI reference materials
Accuracy can be assessed only against independently dated
or known age materials and for 14C, these typically would
be dendro-dated wood samples. Therefore, four such samples
were included in FIRI. However, a laboratory intercomparison
also can be used to deﬁne ‘consensus’ age values for samples
that are not dated independently. Such values can then be
used in the future to assess accuracy.
Consensus values (based on an iterativeprocedure involving
the calculation of a weighted average (Rozanski et al., 1992))
for the samples are shown in Table 5. A different method,
based on reliability analysis, was used for the calculation
of the consensus value for samples A and B. This was
necessary because of the different format of reporting results
for near-background samples and the substantial numbers of
laboratories who quoted the results as ‘greater than’ ages.
The four dendro-dated wood samples included in the list
of core samples were D and F (duplicates) from the Belfast
master chronology and dendro-dated to 3200–3239 BC (14C
age of 4495 yr BP); sample I (also from the Belfast master
chronology), which has a dendro-date of 3299–3257 BC
(14C age of 4471 yr BP) and sample H from the German
oak chronology, which was dendro-dated to 313–294 BC
(14C age of 2215 yr BP). With respect to the dendro-dated
samples, it can be observed that the consensus values and
the average ‘master’ values are such that the differences are
all within the limits of the quoted errors. Thus, the consensus
results are in agreement with the master chronology results,
so that overall, we can conclude that laboratories are, in
general, accurate. For an individual laboratory, the difference
(known age − laboratory measured age) and the standardised
difference (difference/laboratory quoted error) for the dendro-
dated samples also can be used to assess accuracy. It was
found that the differences were distributed around zero,
with the majority of results lying in the range ±100 yr.
Formal calculations showed that approximately 30% of the
laboratories had a statistically signiﬁcant offset.
Summary ﬁndings
1 Overall and on average, there is no evidence of signiﬁcant
differences between AMS, GPC and LSC laboratories, with
the exception of the near-background Kauri wood sample.
Table 5 Consensus values
Sample Known ageb Consensus value
(estimated 1σ
precision)
AB (pMC)a —0 . 2 4 p M C
(95% CI (0.23–0.30))
C (yr BP) — 18176(10.5) yr BP
DF (yr BP) 3200–3239BC (14C age
4495 yr BP)
4508 (3) yr BP
E (yr BP) — 11780 (7) yr BP
GJ(pMC) — 110.7 (0.04) pMC
H(yr BP) 313–294BC (14C age
2215 yr BP)
2232(5) yr BP
I (yr BP) 3299–3257BC (14C age
4471 yr BP)
4485(5) yr BP
a per cent modern carbon.
b Radiocarbon years before present, where present is 1950.
Statistical analysis of the Kauri wood results is made
more difﬁcult by the diversity of reporting formats and
speciﬁcally the results that are quoted as ‘greater than’. As
a near background sample, it provides a rigorous check
on laboratory procedures at all stages of the process and
in particular provides a sensitive check on any potential
contamination sources.
2 Roughly 10% of the total results were identiﬁed as
outliers (which is around twice as frequent as would be
expected, because the outlier deﬁnition used assumes that
such observations occur by chance, i.e. roughly 1 in 20
observations should be classiﬁed as outliers), but it should
be notedthatthe distributionof outliersisnot uniformacross
the laboratories, with the majority coming from only 14%
of the laboratories, most of which are LSC. The distribution
of outliers across samples is uniform, so no sample material
is more varied than any other but the presence of an outlier
does appear to be linked to the modern reference material
used. These results suggest that problems may occur within
individual laboratories, rather than with the technique itself.
3 By comparing laboratory results against both the dendro-
dated samples and the derived consensus values, we ﬁnd
evidence that a number of laboratories had signiﬁcant, but
generally small, offsets relative to the consensus proﬁle.
The reported results from FIRI for each laboratory are in
some senses a summary and therefore do not allow further
examination of the causes of laboratory offsets (beyond that
already reported here). The responsibility for investigating
sources of the offset (and if required, amending procedures)
rests with the individual laboratories. We have studied the
effectof the modern standards and the backgroundmaterials
that are used by laboratories in their analyses and ﬁnd no
evidence that these factors make a signiﬁcant contribution
to the overall variation observed.
4 From the three sets of duplicate results it is noted that, on
average, the difference between duplicates is zero (over all
laboratories and also for individual laboratories). However,
the magnitude of the difference in some individual cases
is large relative to the quoted errors (and larger than
expected given the interpretation of the quoted error). The
implication is that in such cases, a source of variation may
not be completely accounted for in the quoted error. On
the other hand, evidence was also observed of agreement
betweentheduplicates,whichisinfactbetterthanwouldbe
expected on the basis of the quoted errors. This corresponds
to an underestimation of precision, or quoted errors that
are unnecessarily inﬂated, one effect of which may be that
calibrated ranges are too large.
Signiﬁcance for the user-community
A substantial effort has been made by the 14C community to
develop and apply both internal and external QA procedures.
The FIRI provides a part of these procedures in the form of an
independent and blind check of laboratory performance. The
FIRIresultsdemonstrate thatthereareno signiﬁcantdifferences
amongst the main measurement techniques (gas proportional
counting, liquid scintillation counting and accelerator mass
spectrometry) but there is evidence of small offsets relative
to known age samples for some laboratories. Overall, the
evidence supports the fact that radiocarbon laboratories are
generally accurate and precise but that notwithstanding inter-
nal QA procedures, some problems still occur, which can best
be detected by participation in independent intercomparisons
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such as FIRI, where the results allow individual laboratories to
assess their performance andto take remedial measures, where
necessary.TheresultsfromFIRIaresigniﬁcantinthattheyshow
a broad measure of agreement between measurements made
indifferentlaboratoriesona widerangeofmaterials.However,
FIRI only provides a spot check of operational performance
at the time it was carried out and does not measure consis-
tent performance over a period of time. Hence it should not
form the basis of a ‘league table of laboratory performance’.
This is why the FIRI results are published without laboratory
attribution. The FIRI provides the laboratory with information
that can be used to check and improve performance and, in
this way, it also provides indirect but important beneﬁts to the
user. Laboratories whose results were deemed problematic in
FIRI have been offered both assistance and additional samples
so any procedural difﬁculties can be identiﬁed and corrected.
The FIRI has clearly demonstrated an ongoing need for
standards and reference materials to which laboratories have
ready access to allow for continuous QA. As a result of
FIRI (and previous Glasgow led programmes), a small archive
of natural materials has been created for use by the 14C
community. Informationconcerningitsexistencehasbeen and
is being disseminated to laboratories, so that such materials
can be used with in-house QA procedures to check laboratory
performance.
Further intercomparisons
International comparisons of laboratory performance are
an essential component of the quality assurance process
in radiocarbon dating. If the user community is to have
conﬁdence in the radiocarbon methods, it needs to be assured
that laboratories world-wide are generating measurements in
accordance with ‘good practice’.
ItisclearthatprogrammessuchasFIRIare,andwillcontinue
to be, necessary. One plan under consideration is that a major
intercomparison, such as FIRI, would be organised every four
years. Additionally, in each of the three preceding years,
a small number of samples would be sent to laboratories
to be analysed and results returned within a short time-
scale to allow rapid feedback to be given. In this way,
the ‘spot-check’ nature of FIRI and the lack of continuous
monitoring of performance would be remedied. Such a system
would have beneﬁts to the participating laboratories and
would also provide a better ‘quality guarantee’ to the user
communities.
All results and a full report on the intercomparison will
appear as a special issue of Radiocarbon in 2002.
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